Soft tissue-to-bone transitions, such as the osteochondral interface, are complex junctions that connect multiple tissue types and are critical for musculoskeletal function. The osteochondral interface enables pressurization of articular cartilage, facilitates load transfer between cartilage and bone, and serves as a barrier between these two distinct tissues. Presently, there is a lack of quantitative understanding of the matrix and mineral distribution across this multitissue transition. Moreover, age-related changes at the interface with the onset of skeletal maturity are also not well understood. Therefore, the objective of this study is to characterize the cartilageto-bone transition as a function of age, using Fourier transform infrared spectroscopic imaging (FTIR-I) analysis to map regiondependent changes in collagen, proteoglycan, and mineral distribution, as well as collagen organization. Both tissue-dependent and age-related changes were observed, underscoring the role of postnatal physiological loading in matrix remodeling. It was observed that the relative collagen content increased continuously from cartilage to bone, whereas proteoglycan peaked within the deep zone of cartilage. With age, collagen content across the interface increased, accompanied by a higher degree of collagen alignment in both the surface and deep zone cartilage. Interestingly, regardless of age, mineral content increased exponentially across the calcified cartilage interface. These observations reveal new insights into both region-and age-dependent changes across the cartilage-tobone junction and will serve as critical benchmark parameters for current efforts in integrative cartilage repair.
Introduction
C omplex biological interfaces enable integration of soft and hard tissues and are essential for musculoskeletal function. One of these critical interfaces is located at the osteochondral junction, where articular cartilage transitions into subchondral bone through a calcified cartilage layer. This calcified cartilage transition is approximately 50 to 250 mm in humans, (1, 2) varying with age and relative in depth to overall cartilage thickness. The interface is composed of hypertrophic chondrocytes embedded in a calcified, proteoglycan-containing matrix, (3) which is also rich in collagen II. (4) (5) (6) The mineral phase of calcified cartilage is a carbonate-substituted form of hydroxyapatite, with similar chemistry and crystal size to the mineral in bone. (7) Collagen type X, (6, 8) which regulates cell-mediated mineral deposition by hypertrophic chondrocytes, is also present in the calcified cartilage matrix.
The osteochondral interface allows for structural continuity between cartilage and bone, while maintaining the integrity of each tissue region. (9) Additionally, it serves as a physical barrier that restricts transport, (10, 11) representing at least a fivefold decrease in permeability compared with articular cartilage. (12) It also prevents vascular invasion from subchondral bone into the cartilage compartment (13) and allows for pressurization during loading. (14) Moreover, the modulus of human calcified cartilage layer is intermediate in magnitude between articular cartilage and bone. (15) This gradation of tissue mechanical properties enables force transmission across the joint and reduces stress concentrations at the osteochondral interface. (16, 17) Although the osteochondral junction has been extensively described using histological and microscopy methods, (1) (2) (3) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) quantitative characterization via conventional techniques has been challenging because of the structural complexity and relatively small scale of the interface. The novel method of infrared spectroscopic imaging uses the vibrational modes of specific molecular components to generate high-resolution maps of the composition, distribution, and organization of matrix components. To date, both Fourier transform infrared spectroscopic imaging (FTIR-I) and Raman spectroscopy have been used to analyze a variety of connective tissues, including bone, (28) (29) (30) (31) articular cartilage, (32) (33) (34) (35) (36) (37) (38) and healing cartilage, (39) and has also been useful for studying complex tissue transitions such as the ligament-to-bone (40) and tendon-to-bone (41, 42) interfaces. Specifically, IR imaging is a high-resolution and high-throughput technique that is especially advantageous for characterizing inhomogeneities or spatial changes across multiple tissue types. This technique has been shown to correlate directly with histological and quantitative analyses of the cartilage matrix (43, 44) and is not limited by the inherent shortcomings of histology, such as batch-to-batch variations in staining solutions and qualitative interpretation of stains. Strong correlation has also been reported between FTIR-I measurements and biochemical quantification of collagen and proteoglycan content. (43) Furthermore, the ratio of amide I to amide II band areas can be used to determine collagen fiber orientation. (45) In short, FTIR-I is a powerful technique for concurrent analysis of multiple extracellular matrix components within the same sample, making it the optimal method for mapping multitissue transitions such as the cartilage-to-bone junction.
In this study, the first objective is to use FTIR-I to investigate region-dependent changes in collagen, proteoglycan, and mineral distribution from articular cartilage to calcified cartilage and to bone. Because the calcified cartilage interface resides between the soft and hard tissues, it is anticipated that its extracellular matrix composition will be intermediate between those of articular cartilage and bone. The second objective of this study is to determine age-dependent differences in matrix and mineral distribution across the osteochondral interface, focusing on changes that occur during postnatal development with the onset of skeletal maturity. Although age-related comparisons have been reported for articular cartilage, (46) no systematic analysis of the osteochondral interface pre-and post-skeletal maturity has been reported. Given the functional differences between immature and mature cartilage, structural changes in terms of individual matrix components at the interface are expected. In addition to providing new insights into the maturation of the osteochondral interface, the results of this study will yield benchmark parameters for evaluating the success of tissue-engineered cartilage or osteochondral grafts.
Materials and Methods

Sample isolation and preparation
Osteochondral samples were isolated from bovine tibiofemoral joints (n ¼ 3, Green Village Packing Company, Green Village, NJ, USA), which represent a well-characterized large animal model. (32, (47) (48) (49) (50) (51) Healthy bovine specimens can be readily obtained and, unlike the rodent model, reflect skeletal maturity and closure of the growth plate similar to what is observed in humans. Furthermore, the majority of FTIR-I studies have been conducted using the bovine model, enabling us to validate our approach and compare current findings with published studies. (32, 36) Briefly, a sterile biopsy punch was used to extract osteochondral plugs (6 Â 4 mm, n ¼ 3/group) from the tibial plateaus of immature joints, whereas a bandsaw was used to isolate mature plugs (10 Â 10 mm, n ¼ 3/group). Each sample was halved for corresponding decalcified and nondecalcified analyses. For decalcification, osteochondral plugs were immediately fixed for 24 hours with 80% ethanol, supplemented with 1% cetylpyridinium chloride (CPC, Sigma, St. Louis, MO, USA) to preserve proteoglycans. (52) After fixation, samples were rinsed in distilled water before demineralization in trishydroxymethylaminomethane buffer (Tris, Sigma) containing 10% ethylenediaminetetraacetic acid (EDTA, Sigma). Samples were then dehydrated using an ethanol series, cleared with xylene, and embedded in paraffin (Fisher Scientific, Pittsburgh, PA, USA). The samples were sectioned (Reichert-Jung RM 2030 Microtome, Leica, Bannockburn, IL, USA; 7 mm) and placed immediately between barium fluoride optical windows (Spectral Systems, Hopewell Junction, NY, USA). The sections were deparaffinized in xylene, dehydrated with an ethanol series, and then dried overnight under vacuum. A second barium fluoride window was placed over the sample before infrared analysis. Corresponding sections were stained with alcian blue and picrosirius red to visualize glycosaminoglycans and collagen distribution, respectively. Collagen orientation was imaged with light microscopy using a polarized light filter (Olympus BX60, Olympus, Center Valley, PA, USA).
The nondecalcified samples were fixed after isolation with 90% ethanol for 24 hours, followed by embedding in polymethylmethacrylate (PMMA, Sigma). (53) Combining ethanol fixation with PMMA embedding has been shown to minimize interference owing to fixation and embedding. (54) The samples were sectioned (2 mm) with a Leica sliding microtome (SM2500S, Leica Microsystems Inc.) using a tungsten carbide blade (Delaware Diamond Knives Inc., Wilmington, DE, USA). Individual sections were dried and placed between barium fluoride windows for FTIR-I analysis. Corresponding sections were stained via von Kossa (51) to visualize mineral distribution and compare with FTIR-I analysis.
Fourier transform infrared imaging FTIR-I analysis was performed using an FTIR spectrometer (Spectrum 100, Perkin Elmer, Waltham, MA, USA) coupled to a microscope imaging system (Spotlight 300, Perkin Elmer). The spectra were acquired with a spectral resolution of 8 cm À1 and a spatial resolution of 6.25 mm. The distribution of collagen and proteoglycan were mapped using the amide I (1720 to 1590 cm
À1
) and carbohydrate (1140 to 985 cm À1 ) peaks, respectively, whereas mineral distribution was characterized using the phosphate band (1200 to 900 cm À1 ). Although more recent studies have shown some improvement in specificity of proteoglycan assessment using multivariate methodology, (55) the proteoglycan parameters used in the current study have been validated by correlation to both biochemical and histology data. (43, 56) Because the carbohydrate and phosphate peaks overlap in the IR spectra, decalcified samples were used for matrix analysis, whereas the corresponding calcified samples were used for mineral analysis. Note that the contribution of the carbohydrate peak in the calcified sections was negligible compared with the phosphate peak. For each sample, regions of interest ($750 Â 1750 mm/region) containing cartilage, calcified cartilage, and bone were scanned, and $8000 points of spectral data were acquired per region, constituting a total of $24,000 spectra collected per sample.
Spectra analyses
The IR spectra were analyzed and spectroscopic maps were generated using ISYS 3.1.1 chemical imaging software (Spectral Dimensions Inc., Olney, MD, USA) and MATLAB 7.0 R14 (The MathWorks Inc., Natick, MA, USA). Before analysis, spectra were background corrected by baseline subtraction. Signature peaks within the collagen and proteoglycan spectra have been shown to be linearly proportional to collagen and proteoglycan content. (32) Therefore, relative collagen distribution (n ¼ 3) was determined by integrating the peak area under the amide I band (1720 to 1590 cm À1 ), and proteoglycan distribution (n ¼ 3) was estimated by integrating the peak area under a carbohydrate band associated with C-O-C and C-OH vibrations (1140 to 985 cm À1 ). (32) Additionally, collagen alignment (n ¼ 3) was determined by scanning the demineralized samples with a gold-wire polarizer grid (Perkin Elmer, Shelton, CT, USA) inserted in the path of the IR light, with the polarizer aligned at 0°with respect to the interface between cartilage and bone. Because amide I and amide II bond vibrations are orthogonal, the ratio of their band areas is an indicator of collagen fibril orientation when spectra are collected with polarized light. (45) Therefore, in this study, spectra obtained with the polarizer were integrated under the amide I (1720 to 1590 cm À1 ) and amide II bands (1590 to 1492 cm À1 ), and numerical indices for collagen orientation were obtained by calculating the ratio between their bands. A band ratio !2.7 is indicative of fibril orientation parallel to the interface, and when the ratio is 1.7, the fibers are perpendicular to the interface. A ratio ranging from 1.7 to 2.7 reflects mixed fibril orientation.
The relative mineral-to-matrix ratio (n ¼ 3) in each tissue region was calculated by integrating under the v1, v3 phosphate band contour (1200 to 900 cm À1 ) and dividing by the amide I band area. (54) Before analysis of mineral distribution, the collected spectra were corrected for contributions from PMMA embedding. To this end, spectra of pure PMMA were acquired, baseline corrected, and normalized by the highest peak in the PMMA spectrum (1728 cm À1 ). Sample spectra were likewise baseline corrected and normalized. The PMMA spectrum was then subtracted from the sample spectra to eliminate the background from embedding. This method of normalization and subtraction was implemented to compensate for different degrees of PMMA penetration into the multiple tissue types evaluated across the interface. Additionally, the normalized carbonate content (n ¼ 3) in the apatite structure was estimated from the carbonate-to-matrix ratio, determined by integrating under the carbonate v2 band (890 to 850 cm À1 ) and dividing by the area of the amide I band, which accounts for any potential variations in sample thickness.
Line profiles of collagen, proteoglycan, and mineral distribution from the articular surface to bone were generated based on spectra data, and corresponding histology staining was used to demarcate articular cartilage, calcified cartilage, and bone regions. Line profiles were performed repeatedly across the interface spectroscopic maps on a pixel-by-pixel basis and then averaged, resulting in a single average line profile representing all the data collected for the osteochondral region. Regions exhibiting anomalies such as holes or folds in the sections were excluded. Normalized distance, calculated as distance divided by total sample distance, was used to account for differences in thickness between osteochondral specimens. The relative values for matrix and mineral were also calculated for each tissue region examined, namely articular cartilage (AC), calcified cartilage (CC), and bone.
Statistical analyses
Results are presented in the form of mean AE standard deviation, with n equal to the number of animals analyzed per group. Two-way analysis of variance (ANOVA), followed by a Tukey-HSD post hoc test was performed to determine region-and agedependent differences in relative matrix and mineral content (p < 0.05). Statistical analysis was performed using the JMP statistical software package (version 4.0, SAS Institute, Cary, NC,
Results
Sample size and spectra analyses
Regardless of age, articular cartilage spanned approximately 60% of the total tissue height, or 991 AE 51 mm and 1044 AE 275 mm for immature and mature specimens, respectively. For each age group, cartilage was also subdivided into the surface (10%), middle (25%), and deep zones (25%), based on established characterization studies of articular cartilage. (21) 
specific dimensions were found between immature and mature samples. Representative spectra from articular cartilage (AC), calcified cartilage (CC), and subchondral bone are shown in Fig. 1B . Whereas the amide I, amide II, and carbohydrate peaks were present in all tissue regions, the phosphate band was observed only at the calcified cartilage and bone regions.
Collagen distribution and orientation
As shown in Fig. 2 , quantitative mapping of the immature samples revealed continuous tissue regions, with an increase in collagen content across the interface. The lowest amount of collagen was found at the region closest to the articular surface (p < 0.05), although no difference in collagen content was found between middle and deep zone cartilage, calcified cartilage, or bone regions. Interestingly, collagen fibrils in the middle zone of immature articular cartilage were organized parallel (0°) to the calcified cartilage region (Fig. 2) , with no apparent deep zone orientation. Similarly, no apparent alignment was detected within the calcified cartilage region in the immature samples.
For the mature samples, the line scans also reveal increasing collagen content progressing from the articular surface to bone (Fig. 2) , with significantly higher collagen detected in the deep zone, calcified cartilage, and bone compared with the surface zone cartilage. Both the calcified cartilage and bone contained significantly more collagen compared with the middle zone of cartilage. In contrast, no significant difference in relative collagen content was found among deep zone cartilage, calcified cartilage, and bone. The collagen fibrils of mature samples were highly oriented parallel to the articular surface in the surface zone and perpendicular to the calcified cartilage region in the deep zone, typical of articular cartilage structure (Fig. 2) . In the calcified cartilage region, a relatively random collagen orientation was detected compared with the deep zone. With age, collagen orientation increased in the surface and deep zone regions of cartilage, and the mature samples also contained significantly more collagen compared with immature samples in both the surface and deep zones (Fig. 2) . Similarly, a higher collagen content was also measured in the calcified cartilage and bone regions of mature samples compared with immature samples (p < 0.05). Finally, both immature and mature samples exhibited little change in collagen content within the calcified cartilage region (Fig. 5) .
Proteoglycan distribution
For the immature samples, the relative amount of proteoglycan remained constant across the cartilage-to-bone junction (Fig. 3) . The surface zone measured a lower proteoglycan content than the middle or deep zone of articular cartilage, as well as the calcified cartilage region (p < 0.05). No significant difference was found between the middle zone, deep zone, and calcified cartilage regions. As expected, there was significantly less proteoglycan in subchondral bone compared with the deep zone and calcified cartilage. When the carbohydrate peak (1140 to 985 cm À1 ) was normalized by the amide I peak (1720 to 1590 cm À1 ) to determine the relative proteoglycan distribution with respect to collagen, the average proteoglycan content was found to be the highest in the surface and deep zones (p < 0.05, Fig. 3 ).
For the mature samples, the line scan shows peak proteoglycan content at the articular cartilage-to-calcified cartilage interface. A lower proteoglycan content was measured in the surface zone compared with the deep zone (p < 0.05), whereas no difference in proteoglycan content was found between the middle zone, deep zone, calcified cartilage, and bone regions. Furthermore, there was no significant difference in normalized proteoglycan content between any of the regions (Fig. 3) . When comparing the immature and mature groups, significantly higher proteoglycan content was present in the deep zone of mature samples (Fig. 3) . No other age-dependent differences were evident between tissue zones. Finally, in terms of proteoglycan content within the calcified cartilage region itself (Fig. 5) , proteoglycan content decreased linearly in mature samples (R 2 ¼ 0.93 AE 0.05), whereas no such trend was evident for immature samples.
Mineral distribution
For the immature samples, all three zones of articular cartilage were essentially mineral-free (Fig. 4) , whereas in the calcified tissue regions, the mineral content of the calcified cartilage region was significantly lower than that of bone with more mineral detected in calcified cartilage and bone regions for all samples evaluated (p < 0.05, Fig. 5 ). The line scans of normalized mineral distribution demonstrate both linear (R 2 ¼ 0.89 AE 0.06) and exponential (R 2 ¼ 0.98 AE 0.01) fits of the transition within the calcified cartilage region. However, the R 2 value of the exponential fit was significantly higher than the R 2 value of the linear fit. The carbonate peak (890 to 850 cm À1 ) was only detected in the calcified cartilage region.
For the mature samples, the articular cartilage region was similarly mineral-free (Fig. 4) , whereas the calcified cartilage region again measured a significantly lower normalized mineral content than bone (Fig. 5) . The line scans of normalized mineral distribution follow both linear (R 2 ¼ 0.93 AE 0.03) and exponential (R 2 ¼ 0.97 AE 0.01) fits of the transition region from uncalcified cartilage to bone, although the R 2 values were not significantly different between fits. When comparing the immature and mature groups, although no significant difference in normalized mineral content was detected in the calcified cartilage region (Fig. 4) , a significantly lower relative mineral content was found in the bone region of the mature samples (p < 0.05).
Discussion
The critical junction between cartilage and bone consists of a region of calcified cartilage tissue that facilitates soft-to-hard tissue integration, allows for pressurization during loading, serves as a barrier to vascular invasion, and enables cartilage loading. Using FTIR-I, this study represents the first comprehensive analysis of all tissue regions progressing from cartilage to bone and as a function of age, focusing on postnatal characterization of the relative content, distribution, and organization of key matrix components across the soft and hard tissue regions. Both region-and age-dependent changes in collagen, proteoglycan, and mineral content and distribution, as well as collagen orientation, were observed across the cartilageto-bone junction.
In terms of matrix distribution, the results of this study reveal that the spatial content of collagen and proteoglycan differ across the cartilage zones, as well as the calcified cartilage and bone regions. It was observed that before skeletal maturity, articular cartilage consists of a clearly delineated surface region with the lowest matrix content, followed by the middle and deep zones with relatively higher proteoglycan and collagen content. A similar trend progressing from the articular surface to the deep zone was seen in the mature group. Overall, these results are in agreement with published biochemical analyses, (46) which reported a depth-dependent increase in proteoglycan and collagen content for both immature and mature bovine cartilage. Ã p < 0.05, differences between zones/regions for immature samples; ÃÃ p < 0.05, differences between zones/regions for mature samples;^p < 0.05, differences between corresponding immature and mature zones/regions).
Similarly for subchondral bone and in agreement with previous studies, (57, 58) a mineral-and collagen-rich matrix with a relatively low proteoglycan content was found. In this study, mature samples measure more collagen in the surface and deep zone, as well as a greater amount of proteoglycan in the deep zone. Similar increases in matrix content with age have also been reported when comparing fetal and newborn bovine articular cartilage. (46) In addition, distinct changes in collagen fiber organization are observed with age. Although only collagen fibers in the middle zone of the immature group are oriented parallel to the interface, there is an increase in collagen orientation for the mature group; fibrils are parallel to the articular surface in the surface zone and perpendicular to bone in the deep zone. The gradual assembly of the collagen network and parallel biochemical changes in postnatal tissue marks the transition from a relatively homogenous tissue toward an organized mature interface. It has been reported that although collagen is randomly oriented in fetal articular cartilage tissue, its Ã p < 0.05, differences between zones/regions for immature samples; ÃÃ p < 0.05, differences between zones/regions for mature samples;^p < 0.05, differences between corresponding immature and mature zones/regions).
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organization increases with age, (59, 60) likely related to the onset of physiological loading. (51, 61) Additionally, collagen maturity is another important characteristic of the matrix and will be examined in future studies.
For the calcified cartilage region, it was observed that regardless of age and with the exception of mineral content, its collagen and proteoglycan content are comparable to those of deep zone cartilage. Interestingly, collagen lacks organization in the calcified cartilage layer, which is in agreement with electron microscopy results that documented a transition from highly oriented collagen fibers in cartilage to randomly oriented fibers at the osteochondral interface in human samples. (19) Across the calcified cartilage region, mineral content increases exponentially for both the immature and mature groups. Interestingly, this is reminiscent of other soft tissue-to-bone interfaces such as the immature anterior cruciate ligament insertion site, which also exhibits an exponential gradient in mineral content from mineralized fibrocartilage to bone. (40) It is emphasized that the observed gradient in mineral content is intrinsic to this interface because both unnormalized and normalized mineral distributions were examined and yielded similar results. In addition, these findings are in agreement with the results of Gupta and colleagues, where quantitative backscattered electron imaging of adult human osteochondral samples revealed a sharp increase in mineral content over a span of 30-mm region within the uncalcified-to-calcified cartilage transition; (62) the average calcium content of human calcified cartilage varied significantly (1% to 28% dry weight), whereas that of subchondral bone was more consistent (16% to 26%). The depth-dependent changes in matrix and mineral content across the osteochondral interface are also mirrored by changes in mechanical properties, (46, 48, 50) and these structure-function relationships are critical to understanding both normal and diseased joint conditions. Correlations between matrix content (proteoglycan and collagen) and cartilage mechanical properties (compressive and shear strength, respectively) have been established, indicating that the depth-dependent mechanical profile through the surface, middle, and deep zones can be attributed to the depth-dependent changes in the cartilage matrix content and organization. (46, 63, 64) Interestingly, the findings of this study suggest that the region-dependent changes in proteoglycan and collagen content do not fully explain the order of magnitude differences found in compressive moduli across the osteochondral interface. Given that a positive correlation also exists between mineralization and indentation modulus in mature human calcified cartilage and subchondral bone samples, (65) it is more likely that the exponential increase in mineral content significantly enhances calcified cartilage mechanical properties. Moreover, the role of GAG-and collagenmineral interactions may also be important for engineering the mechanics of calcified cartilage and will be investigated in future studies.
In addition to identifying region-and age-related changes at the cartilage-to-bone junction, findings from this study also yield benchmark criteria for cartilage and osteochondral tissue engineering, (66, 67) as well as revealing new insights into the postnatal maturation process that is critical for the long-term success of tissue-engineering strategies. The exponential increase from basal to high mineral content, as opposed to a linear gradient, suggests that this transition can be recapitulated in a biomimetic design as structurally continuous scaffold phases with a stepwise increase in mineral content, ie, mineral-free contiguous with mineral-containing regions. Furthermore, the calcified cartilage matrix is collagen-and proteoglycan-rich, with matrix content and distribution resembling that of the nonmineralized deep zone cartilage. Therefore, tissue-engineering strategies aimed at regeneration of the osteochondral interface would focus on the formation of deep zone cartilage-like tissue within a mineral-containing matrix, and achieving desired matrix organization by postnatal physiological loading either inherent in vivo or introduced ex vivo via bioreactor culture. Future studies will build on these results to elucidate disease-related changes in matrix distribution and organization across the soft-to-hard tissue transition, as well as extend these quantitative analyses to human samples.
Characterization of matrix and mineral distribution across the osteochondral interface, spanning articular cartilage, calcified cartilage, and bone tissue, is critical for elucidating structurefunction relationships and devising biomimetic strategies for complex tissue regeneration. Quantitative mapping has revealed both region-and age-dependent changes within the tissue transition from cartilage to bone. Moreover, mineral is localized to calcified cartilage and bone, and its distribution is characterized by an exponential increase in mineral content from calcified cartilage to bone. These trends in mineral distribution are maintained with age, accompanied by a higher overall collagen content and increased fiber organization at the mature cartilageto-bone junction.
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